Chronic Pseudomonas aeruginosa infection is the leading cause of morbidity and mortality in cystic fibrosis (CF) patients. P. aeruginosa isolates undergo significant transcriptomic and proteomic modulation as they adapt to the niche environment of the CF lung and the host defences. This study characterized the in vitro virulence of isogenic strain pairs of P. aeruginosa epidemic or frequent clonal complexes (FCCs) and non-epidemic or infrequent clonal complexes (IFCCs) that were collected 5-8 years apart from five chronically infected adult CF patients. Strains showed a significant decrease in virulence over the course of chronic infection using a Caenorhabditis elegans slow-killing assay and in phenotypic tests for important virulence factors. This decrease in virulence correlated with numerous differentially expressed genes such as oprG, lasB, rsaL and lecB. Microarray analysis identified a large genomic island deletion in the IFCC strain pair that included type three secretion system effector and fimbrial subunit genes. This study presents novel in vitro data to examine the transcriptomic profiles of sequentially collected P. aeruginosa from CF adults. The genes with virulence-related functions identified here present potential targets for new therapies and vaccines against FCCs and IFCCs.
INTRODUCTION
Pseudomonas aeruginosa infection of cystic fibrosis (CF) patients is characterized by periods of transient infection in children. However, by adolescence about 80 % of patients are chronically infected, often harbouring the same strain for years or decades (Kosorok et al., 2001; Nixon et al., 2001) and experiencing regular pulmonary exacerbations (Stenbit & Flume, 2011) . The determinants of strain persistence in the CF lung of both adult and child patients for long periods remain unclear. Whilst phenotypic changes such as the conversion to a mucoid phenotype (Al-Aloul et al., 2004; Govan & Deretic, 1996; Rao et al., 2011) and the formation of biofilms (Costerton et al., 1999; Høiby et al., 2011; Luján et al., 2011) have been associated with transition of P. aeruginosa from acute to chronic infection, little is known regarding the precise genotypic characteristics that facilitate persistent colonization.
Genomic and proteomic analyses of clinical P. aeruginosa have shown an overall depression of virulence and pathogenicity determinants during the transition from acute to chronic infection as an adaptation to the CF lung environment (Eberl & Tümmler, 2004; Hogardt & Heesemann, 2010 , 2013 Smith et al., 2006; Sriramulu et al., 2005) , facilitating long-term persistence and morbidity. Microarray analysis has been used extensively for virulence gene studies (Naughton et al., 2011) , biofilm formation (Heydorn et al., 2002; Waite et al., 2005; Whiteley et al., 2001) , analysis of quorum-sensing genes (Schuster et al., 2003; Wagner et al., 2003) and comparison of epidemic strains with PAO1 (Salunkhe et al., 2005) . The technique has been used in the Sydney CF pathogens group for the transcriptomic analysis of epidemic or frequent clonal complexes (FCCs) versus non-epidemic or infrequent clonal complexes (IFCCs) (Manos et al., 2009 (Manos et al., , 2008 and growth in artificial sputum medium (Fung et al., 2010) . The Caenorhabditis elegans slow-killing assay has been used to identify changes in bacterial strain virulence (Kurz & Ewbank, 2000; Sifri et al., 2006) and has provided a baseline for investigation of strains demonstrating significant changes in LD 50 for worm death over time (Tan et al., 1999) . In the slow-killing C. elegans model, P. aeruginosa grown on low-salt medium kills C. elegans by an infectionlike process that correlates with the accumulation of bacteria within the worm's intestines and acts as an indicator of general virulence (Tan et al., 1999) .
Here we compared the transcriptomic profiles of P. aeruginosa recovered from adult CF patients over time and correlated those genes differentially expressed with changes in virulence in phenotypic testing and in the C. elegans assay. This study also profiled, for the first time, the virulence of sequential IFCCs and the FCC known as the Australian epidemic strain (AES-1), which infects up to 40 % of patients in eastern Australian CF centres and exhibits increased virulence and invasiveness in vitro (Harmer et al., 2012; Tingpej et al., 2007) .
METHODS
Study population and bacterial isolates. The P. aeruginosa clinical isolates in this study were collected from adult CF patients attending the respiratory clinic at the Royal Prince Alfred Hospital, Sydney, Australia between 2001 and 2009. Genotyping by PFGE (Tenover et al., 1995) showed that five of 19 individuals harboured the same strain of P. aeruginosa over the collection period (5-8 years). Sputum samples were collected during periods of clinical stability during routine clinic visits and P. aeruginosa strains were isolated using routine hospital microbiology. The five strain pairs, two FCCs (C7-early/late, C9-early/late) and three IFCCs (U1-early/late, U3-early/ late, U9-early/late), were selected for further analysis based on the length of time they had persisted in the CF lung. For all experiments, cultures were prepared by inoculating a single colony into sterile Luria-Bertani broth and incubating overnight at 37 uC.
This study was conducted under ethics approval from the Sydney South West Area Health Service Ethics Committee (approval X07-0029) and the University of Sydney Human Research Ethics Committee (project reference 6999).
Caenorhabditis elegans slow-killing virulence model. The C. elegans slow-killing virulence model utilized strain CF512 (genotype fer-15(b26) II; fem-1(hc17) IV) provided by the Caenorhabditis Genetics Centre (University of Minnesota, USA). CF512 is a temperature-sensitive strain, sterile at 25 uC and fertile at 16 uC. Stocks of C. elegans were maintained and propagated by transferring 1 cm 2 pieces of nematode growth medium (NGM) agar with nematodes onto fresh plates of NGM seeded with Escherichia coli OP50 as a food source. C. elegans was cultured at 16 uC for 4-5 days to grow to adult stage.
One hundred microlitres of an overnight culture of the P. aeruginosa isolate to be tested was spread onto NGM agar and incubated at 37 uC overnight. Fifty sterile worms were transferred from an E. coli OP50 NGM plate onto a P. aeruginosa-seeded plate and incubated at 25 uC. Live/dead worm counts were conducted every 24 h. All experiments were performed in biological triplicate from independent bacterial cultures.
In vitro phenotypic assays. Phenotypic assays for the five pairs of isolates were performed as described below. All assays were performed in biological triplicate.
Mucoidy. Cells were scraped from 1.5 % (w/v) Luria-broth patch plates, then patched onto 5 % (v/v) glycerol MacConkey plates (Oxoid) and scored (+/2) for mucoidy after 48 h at 37 uC.
Elastase. Five microlitres of overnight cation-adjusted MuellerHinton broth (CAMHB) culture was spotted onto 10 ml elastin agar plates, dried and incubated for 48 h at 37 uC. Results are expressed as the zone of clearing in the elastin plate (mm 2 ).
Twitching and swimming motilities. Bacterial patches from 1.5 % (w/v) Luria plates were scraped with a toothpick and stab inoculated into 10 ml (1 % w/v Luria-broth) agar. Twitching motility (light haze of growth at the agar/plate interface) was measured after 24 h at 37 uC. For swimming, toothpick scrapings were spotted onto the centre of a swim (0.3 %, w/v, Luria-broth) plate and swim diameters measured after overnight at 30 uC. Results for both twitching and swimming motilities are expressed as the zone of growth in the agar plate (mm 2 ).
Swarming motility. Pre-warmed swarm plates (0.8 %, w/v, nutrient broth; 0.5 %, w/v, agar; 0.5 %, w/v, glucose) were inoculated with a colony tooth-picked from a swim plate (above). After 24 h at 37 uC, swarming motility was identified as spreading growth from the inoculation site and graded 2 to +++ where: 2 5 no motility, + 5 very limited motility. ++ 5 fair motility, +++ 5 strong motility.
Biofilm mass. Wells of a microtitre plate containing 100 ml CAMHB were inoculated with 1610 7 bacterial cells and plates incubated for 24 h at 37 uC. Biofilm mass was stained with 1 % (v/v) crystal violet, ethanol-extracted and absorbance read at OD 595 .
Pyoverdine production. Strains were grown overnight at 37 uC in King's B medium. Pyoverdine production was assessed by measuring absorbance at OD 403 .
Pyocyanin production. Pyocyanin production was assessed as described by Hare et al. (2012) .
Microarray analysis. Bacterial strains for microarray analysis were chosen to represent an FCC (C7) and an IFCC (U9) that showed the most significant change in virulence over time in C. elegans and represented the longest timespan between collections from the CF lung. Strains for microarray analysis were grown under the same conditions as those used in the C. elegans study. Single colonies were inoculated into 3 ml Luria-Bertani broth and incubated overnight at 37 uC in a shaking incubator. One hundred microlitres of overnight culture was then spread onto NGM plates and incubated for 72 h at 25 uC. Cells were harvested from the plate surface using a sterile inoculation loop, chilled on wet ice and washed twice with ice-cold 16PBS. Washed cells were used immediately for RNA extraction. RNA was extracted and cDNA was synthesized, purified, fragmented and labelled as described elsewhere (Manos et al., 2008; Palmer et al., 2005; Schuster et al., 2003) .
Gene expression profiling. DNA fragmentation was assessed by bioanalysis and suitable samples hybridized to the Affymetrix P. aeruginosa PAO1 GeneChip array as described elsewhere (Manos et al., 2008; Schuster et al., 2003) .
Microarray validation. Quantitative real-time PCR (qRT-PCR), using Platinum SYBR green qPCR Supermix-no UDG (Invitrogen) and realtime amplification (Rotor-Gene 6000; Qiagen) were performed on cDNA synthesized from RNA used in the microarray analysis. Results were analysed by quantification relative to an endogenous control. Eight genes (rhlR, rplS, oprG, aceE, rmlA, arcD, PA1942, PA4354) were selected from each microarray comparison. Gene selection was based on significant differential gene expression (P,0.05) as well as roles in virulence, energy metabolism and adaptation to environment. nadC was used as the endogenous control due to its uniform expression across arrays and as per previous publications (Harmer et al., 2012; Manos et al., 2008) . In order to assess whether the expression trends seen in the C7 and U9 pairs were present in the other isolate pairs, additional qRT-PCR analysis was performed in duplicate on five key differentially expressed genes (lecA, algA, lasB oprG and rpoS) in all five pairs of isolates using fresh biological replicates.
Validation of putative gene island absence in an IFCC strain.
To determine if a 147-gene region (PA2058-PA2217) was still present despite complete lack of expression in strain U9, a PCR amplification of selected genes was conducted. Oligonucleotide primers (Life Technologies) were designed for five randomly selected genes within this region: (exoY-F 59-GGAAATACGCAAGCTGAACC-39, exoY-R 59-GCGGCTGATCCTGTAGAGAC-39, fusA2-F 59-GTGATGAAG-GTCGAGGTGGT-39, fusA2-R 59-GCATAGCGAACGAACTCCAT-39, hcnC-F 59-CTTCTTCCGCATGATGTCCT-39, hcnC-R 59-CGC-TCGAACTTGAAGTCCAT-39, PA2058-F 59-TTCACCGAATACGG-CTACCT-39, PA2058-R 59-CGCGGACCTCCTTGTAGTAG-39, PA-2095-F 59-TTCCAGATCGTCAACCTGTG-39, PA2095-R 59-GC-TTGACCGAGTAGGTTTCG-39). The global transcriptional regulator rsaL (located outside of this region) was used as a positive control (rsaL-F 59-GAGAGAACACAGCCCCAAAA-39, rsaL-R 59-TCTCTGA-TCTTGCCTCTCAGG-39). PCR amplification (4 min 94 uC; 30 cycles of 94 uC -1 min, 56 uC -30 s, 68 uC -1 min; 72 uC -5 min) was conducted for the all strains using ThermoPol Taq (New England Biolabs) according to manufacturer's instructions using 40 ng of template-DNA. Amplified products were compared by agarose gel electrophoresis on a 1 % (w/v) Tris/borate/EDTA gel.
Data analysis. Data gathered from the C. elegans virulence model were assessed for significance using Cox's regression test, with the hazard ratio and 95 % confidence interval (CI) used to compare the risk of death between the groups as an indication of virulence.
Microarrays were performed in biological duplicate for each sample under each condition tested (same isolate with different culture, RNA extraction and microarray) to assess biological variability within cultures. The microarray data were analysed with BIOCONDUCTOR as previously described (Fung et al., 2010; Manos et al., 2008) . The false discovery rate method (Gautier et al., 2004) was controlled to reduce false positives. A value of P,0.05 was used as a guide for statistically significant differential expression. The microarray data are available on the Gene Expression Omnibus (GEO) website at http://www.ncbi.nlm.nih.gov/geo http://www.ncbi.nlm.nih.gov/projects/geo (series GSE33275). Full tables of all differentially expressed genes are shown in Tables S1 and S2 (available in Microbiology online).
RESULTS

Early isolates are more virulent than late clinical isolates
The virulence of five pairs of sequential isolates collected longitudinally from individual patients was established using the C. elegans slow-killing model. In all pairs, the early isolate was more virulent than the later isolate ( Fig.  1 ). Cox's regression analysis showed that at any time point, the risk of death was consistently 73 % higher in the early isolates than in the late isolates (hazard ratio51.73, 95 % CI: 1.49-2.02). However, early FCCs were significantly more virulent than early IFCCs. Cox's regression model analysis showed that at any point in time, early FCCs were associated with a 17 % higher risk of death compared to early IFCCs (hazard ratio51.17, 95 % CI: 1.03-1.32).
In vitro phenotypic testing (Table S3 , available in Microbiology Online) also showed a general trend towards the downregulation of key virulence factors over time. In all of the strain pairs elastase production (Fig. 2a) Fig. 2b ) and pyoverdine secretion (Fig. 2c ) decreased over the course of chronic infection. Swimming and swarming motility also decreased. Mucoidy either increased or remained constant over time in all of the strain pairs. Pyocyanin production increased in three of the strain pairs, as did biofilm production. Overall, these data show that the tested P. aeruginosa isolates have undergone a significant reduction in virulence over the course of chronic infection, and that the FCC isolates are significantly more virulent than IFCCs.
motility (
P. aeruginosa does not undergo widespread transcriptomic changes in adult chronic infection
Given the significant differences in virulence between early/late isolates and FCCs/IFCCs, we examined the global transcriptomic profiles of two strain pairs [C7 (FCC) and U9 (IFCC)] using an Affymetrix P. aeruginosa GeneChip. The analysis of biological replicates for each strain yielded correlation coefficients of 0.96, 0.96, 0.98 and 0.85 for strains U9-early, U9-late, C7-early and C7-late, respectively. The profiles revealed that a comparatively small number of genes were differentially expressed in the later isolate compared to its early isogen. Comparison of U9-early and U9-late identified 210 differentially expressed genes (~3.5 % of the genome) (Table  1) , of which 77 (37 %) were upregulated and 133 (63 %) were downregulated in the later isolate. The differentially expressed genes fell within 17 of 25 functional classes described in the Pseudomonas Genome Database (Winsor et al., 2011) . Ninety-one genes had known functions, including energy metabolism, virulence, membrane proteins, secreted factors, amino acid biosynthesis and metabolism, and transport of small molecules. There is no known function for 119 genes. Downregulated genes with known functions included the P. aeruginosa virulence-associated genes lectin lecA (24.0-fold) and elastase lasB (22.4-fold), nitrate reductase genes (napABF, 23.0, 22.3 and 22.1-fold, respectively), isocitrate lyase aceA and pyruvate dehydrogenase aceE. Upregulated genes with known functions included genes associated with the type III secretion system (pcrH, spcS, popB, exsA), fimbrial subunit genes (cupC123, pilV) and cytochrome C oxidase ccoN2. qRT-PCR of eight genes (rhlR, rplS, oprG, aceE, rmlA, arcD, PA1942, PA4354) was used as a validation of the microarray expression ratios. All genes gave the same up-or downregulation pattern and expression ratio consistent with the microarray data, with a correlation coefficient R 2 50.7449.
In the C7-early/C7-late comparison 77 genes (~1.4 % of the genome) were differentially expressed (Table 2) ; 31 (40 %) genes were upregulated and 46 (60 %) were downregulated in the later isolate. This is comparable to the ratio in the IFCC strain described above. The differentially expressed genes fall into 14 of the 27 functional classes described for PAO1 in the Pseudomonas Genome Database (Winsor et al., 2011) . Well-represented classes included those involved in adaptation and protection, transcriptional regulators and membrane proteins including rsaL and rpoS. Interestingly, hypothetical genes made up a higher proportion of the differentially expressed genes in the C7-early/late comparison (50 %) than the U9-early/late comparison (30 %). There were also far fewer energy metabolism-related genes differentially expressed in the C7 comparison (11 compared to 33). Downregulated genes included the fucose-binding lectin lecB, oprG, the virulence and quorum-sensing regulator vqsR and the galactophilic lectin lecA. Upregulated genes included the catabolic ornithine carbamoyltransferase arcB and arginine deiminase arcA, the ferripyoverdine receptor fpvA and the pyochelin biosynthesis protein pchD. The most strongly upregulated genes belonged to the hypothetical operon PA1559-PA1560 (4.8 and 3.8-fold respectively). In the correlation of these results by qRT-PCR, eight genes (rhlR, rplS, oprG, aceE, rmlA, arcD, PA1942, PA4354) showing significant differential expression between C7-early and C7-late and/or virulence genes of particular interest were chosen. Validation of microarray data by qRT-PCR showed a strong correlation between the qRT-PCR and microarray expression ratios, with a correlation coefficient of R 2 50.8701.
Additional qRT-PCR of five genes (lecA, algA, lasB oprG and rpoS) in all five strain pairs showed that lecA was downregulated in all five late isolates. oprG was downregulated in all except C9 and lasB was downregulated in all except U3, while algA was also downregulated in all except U3. rpoS was upregulated in C9 and downregulated in U1 and U3, while remaining unchanged in C7 and U9.
Genes differentially expressed in both sequential isolates
Ten genes were significantly differentially expressed (P,0.05, fold change .2) in the later isolate of both C7 and U9; one was upregulated and nine downregulated (Table 3) . These shared genes included the global transcriptional regulator rsaL (3.3-and 3.2-fold down), the virulence-associated lecA (1.9-and 4.0-fold down), outer-membrane protein oprG (2.0-and 2.2-fold down) and seven hypothetical genes with unknown functions.
Genes differentially expressed in early FCC versus IFCC
When comparing the early FCC (C7) to the early IFCC (U9) isolate, a large number of genes were identified as differentially expressed (510: almost 10 % of the genome), highlighting the significant transcriptomic variability between FCC and IFCC strains. A similar number of differentially expressed genes (488) were identified in the comparison of the late FCC (C7-late) and the late IFCC (U9-late).
Loss of a putative gene island in IFCC isolates
Interestingly, in both comparisons, 147 genes in the region between PA2058 and PA2217 were significantly differentially downregulated in both early and late U9 isolates to the point of being not expressed at all, compared to the FCC (C7) isolates, warranting further investigation. PCR amplification of five genes (exoY, fabA2, hcnF, PA2058 and PA2095) within the region of interest showed that whilst all were present in the C7 isolates, they were absent in the U9 isolates, suggesting that the U9 strain pair had experienced a deletion of this 147-gene region.
DISCUSSION
As P. aeruginosa strains adapt to the CF lung and are able to persist, they establish a chronic infection that is difficult to eradicate (Govan & Deretic, 1996; Høiby et al., 2005; Landry et al., 2006) . Both epidemic FCC and non-epidemic Table 3 . Genes differentially expressed in common in the two pairs of sequential P. aeruginosa isolates with a fold change .2 in at least one isolate (P,0.05) 2, denotes a hypothetical protein with no assigned gene name. (Carter et al., 2010; Govan et al., 1993; Hocquet et al., 2003; Tingpej et al., 2010; Winstanley et al., 2009 ). An improved understanding of the specific virulence and gene expression characteristics of chronic strains may aid in better treatment strategies.
Increased virulence in P. aeruginosa frequent clonal isolates AES-1 FCC isolates were significantly more virulent in the C. elegans slow-killing model than IFCC isolates. This finding is consistent with previous studies (Al-Aloul et al., 2004; Feinbaum et al., 2012) and provides evidence to support the differences in clinical outcomes observed between patients infected with AES-1 FCC and IFCC isolates reported by Tingpej et al. (2010) . Interestingly, the virulence profiles of FCC isolates were much more tightly clustered than IFCC isolates, highlighting the variability of virulence in IFCC isolates. In addition, the potential selective advantage of FCC isolates as a result of their increased virulence may partly explain why they are seen in multiple patients, whilst IFCC isolates are only seen in single patients. Evidence has shown that downregulation of acute virulence factors and upregulation of chronic virulence factors, such as the conversion to a mucoid phenotype, confer a selective advantage against other strains of P. aeruginosa and against other pathogens (Fick et al., 1992; Jones et al., 2010) .
Depression of virulence over time
Concordant with traditional dogma suggesting a general depression of virulence over the course of CF lung infection (Eberl & Tümmler, 2004; Hogardt & Heesemann, 2010 , 2012 Smith et al., 2006; Sriramulu et al., 2005) , the later P. aeruginosa isogens were significantly less virulent than their early paired counterparts from the same patient in the C. elegans slow-killing assay and in in vitro phenotypic testing, in which significant reductions in elastase production, pyoverdine secretion and motility were observed over the course of chronic infection. Pyocyanin production in three strain pairs increased over time, highlighting the importance of pyocyanin and reflective of adaptation to the CF lung environment. The presence of virulent, early isolates is of significant concern to CF clinicians due to the risk of mortality or serious morbidity to CF patients. Previous studies have identified young CF patients who died shortly after being infected with a virulent early FCC strain (Armstrong et al., 2003) .
This reduction in virulence over time was supported by microarray data showing significant downregulation of virulence genes including lectins lecA and lecB, and the highly virulent elastase lasB. The microarray data were further supported by qRT-PCR analysis showing the downregulation of lecA in all five strain pairs and the downregulation of lasB in four of the five pairs. This suggests that these key virulence genes are commonly downregulated amongst long-term infection isolates. Downregulation also occurs in four out of the five isolates for algA and oprG indicating that a general loss of expression for these genes may be also be occurring over time in the host.
Importantly, microarray data also showed a downregulation of the global transcriptional regulator rsaL. The RsaL protein regulates numerous P. aeruginosa genes, has previously been shown to be a significant contributor to P. aeruginosa virulence and biofilm formation and may play a role in the transition to chronic infection (Rampioni et al., 2009) . The depression of virulence over time may confer a selective advantage on an isolate via energy conservation and as a means of minimizing detection by the host immune system (Casadevall & Pirofski, 2009 ). The two early strains were recovered from adults with chronic infection, indicating that the process of virulence downregulation is ongoing and not confined to the immediate post-acute infection phase. Compared to the transcription profile of infant-to-adolescent AES-1 grown in artificial sputum medium (Naughton et al., 2011) , we see fewer changes to virulence genes. Genes associated with alginate production and key motility genes were not differentially expressed, adding weight to the hypothesis that many transcriptomic changes may have already occurred before these adult strains were isolated.
Contrary to this overall trend, the late isogen of IFCC U9 demonstrated significant upregulation in type three secretion system (T3SS) genes coding for the translocation protein PopB, the ExoS chaperone SpcS and the transcriptional activator of the T3SS, exsA, while the T3SS repressor ptrA was significantly downregulated. Given the role of the T3SS in cellular invasion, and the previously reported increase in invasiveness in these isolates over the course of chronic infection (Harmer et al., 2012) , the upregulation of T3SS genes may be a mechanism by which some chronic P. aeruginosa isolates evade the host immune defences over time. It would be interesting to examine the T3SS genes in more chronic strain pairs in future studies.
FCC versus IFCC
Ten genes were commonly differentially expressed over the course of chronic infection by both the FCC C7 strain pair and the IFCC U9 strain pair. Most coded for hypothetical proteins with no known function, highlighting the fact that potentially important genes in virulence and persistence are still uncharacterized. One gene with known function was the lectin gene lecB, which has been shown to play a role in pilus biogenesis and protease IV activity (Sonawane et al., 2006) . Chemani et al. (2009) used a lung epithelial cell line and experimental murine model of lung injury to demonstrate a direct relationship between the presence of lectins and P. aeruginosa pathogenicity. Isogenic DlecB mutants were significantly less cytotoxic than the WT and the administration of specific lectin inhibitors was remarkably effective in reducing the severity of lung injury, lung bacterial load, biofilm formation and bacterial dissemination (Chemani et al., 2009) . The downregulation of lecB in these later chronic isolates is consistent with an overall downregulation of virulence factors and adhesion components over the course of chronic infection.
The numerous genes not commonly differentially expressed between FCC C7 and IFCC U9 highlight the dissimilar transcriptomic profiles of FCC and IFCC. Whilst both pairs of isolates colonize the CF lung, either significantly divergent transcriptomic profiles have either emerged over time or the strains had different transcriptomic profiles when they first infected their respective CF patients. Whilst the FCC strain was probably transmitted patient-to-patient , IFCC strains are usually acquired from the environment. When examining the early and late isolates, it was also evident that the IFCC isolates had a larger number of differentially expressed genes, suggesting they have undergone greater adaptation to the CF lung over time than the FCC isolates which may have already experienced these adaptations in a previous host. Nonetheless, there were still some regulatory gene expression changes in the transcriptomic profile between early and later FCC, demonstrating that the process of adaptation is probably dynamic and ongoing throughout the period of chronic infection. Whilst previous studies have examined the regulation of the P. aeruginosa transcriptome in young CF patients (Naughton et al., 2011; Smith et al., 2006) and the variability of phenotypes selected over the course of chronic infection in the CF lung (Ciofu et al., 2012) , this is the first time that modulatory changes to the transcriptome have been studied in an established chronic infection in Australian CF patients.
Interestingly, gene expression in a contiguous 147-gene region (PA2058-PA2217) of the U9 isolates was almost negligible compared to the C7 isolates, suggesting either inactivation or loss of a large genomic fragment. Further analysis identified this region as the P. aeruginosa genomic island 1 (PAGI-1), shown to be present in 85 % of strains from clinical sources (Liang et al., 2001) . When normalized expression values for the U9 isolates were examined for the 147 genes, they were significantly lower than most other expressed genes and comparable to other known absent genes. The C7 genome (AES-1) has been sequenced (GenBank Accession no: AFNF00000000.1) and we were able to examine the normalized C7 expression values for genes known to be absent from AES-1 and found that the expression values for genes in this region of U9 were largely equivalent to those of genes known to be absent from C7, suggesting that this block of genes has been lost from U9. Further analysis of microarray data generated in previous studies in our laboratory (Manos et al., 2008) showed that these genes were present and expressed in five other FCC (AES-1) strains as well as four IFCC strains, consistent with early studies (Liang et al., 2001) and adding weight to the hypothesis that U9 has lost this genomic fragment rather than the C7 having acquired it. The loss of this genomic fragment may be of significant importance to U9 as it contains the T3SS adenylate cyclase effector exoY and a number of fimbrial subunit genes, the loss of which may result in impaired virulence and also impact on the ability of the pathogen to attach to host cells. Other genes on this fragment are associated with energy metabolism such as Zn-dependent alcohol dehydrogenase (adh), glycogen phosphorylase (glgP) and the glycogen-branching enzyme glgB, loss of which may impose a selective disadvantage on U9. Conversely, the expression of these genes in the FCC may confer a selective advantage over the IFCC, although the absence of the gene island in an IFCC that has successfully colonized the CF lung for a long period of time suggests that any advantage may be minor.
Conclusions
This study has characterized the in vitro virulence profiles of FCC and IFCC P. aeruginosa clinical isolates and correlated this with the transcriptomic profiles of representative FCC and IFCC strains. Significantly, we have validated the C. elegans model as a means of identifying particular differentially expressed virulence genes over the course of chronic infection by correlating differential expression of a number of genes also identified using other methods (Fung et al., 2010; Heydorn et al., 2002; Sriramulu et al., 2005; Waite et al., 2005; Whiteley et al., 2001) . The differentially expressed genes with virulencerelated functions identified here represent potential targets for new therapies and vaccines against both ICCs and IFCCs. This study further builds upon the understanding of the changes in the P. aeruginosa transcriptome over the course of chronic infection. Further studies of the proteome of P. aeruginosa will identify whether the differences seen at the transcriptomic level translate to observable differences at the protein level.
